Soil test phosphorus (P) is used to evaluate the nutritional status of a soil in relation to a crop's yield response. Recently, there is interest to calibrate agronomic soil tests to predict risk of P transport in runoff. An experiment was conducted to evaluate the relationships among three agronomic soil test P extraction methods (Olsen, Bray1, Mehlich3) and dissolved P in water (0.01 M CaCl 2 extractable P) in five representative soils of tropical and subtropical areas in Puerto Rico and Florida. The soils were of the series Astatula (Entisol), San Anto´n (Mollisol), Caguabo (Inceptisol), Corozal (Ultisol), and Bayamo´n (Oxisol). Soils were amended with three inorganic P levels as triple super phosphate, three organic P levels as broiler litter, and their combinations in an incomplete factorial design for a total of 11 treatments. Soils were sampled during 46 weeks and soil test P was measured. Exploratory statistics were used to evaluate relationships among the variables. Relationships using the Astatula soil were studied separately as inherently high soil test P values influenced regressions greatly. A near 1:1 relationship between soil test P extracted using Bray1 and Mehlich3, and Mehlich3 and Olsen extractants was obtained. In general, improved relationships were obtained using individual soils as soil pH and mineralogy influenced the amount of P extracted. Critical soil test concentrations to reach dissolved P concentrations of 1 mg P L À1 were (95% confidence intervals in parenthesis) 179 (174-185), 197 (190-207), and 252 (243-266) ppm for Olsen, Bray1, and Mehlich3 extractants, respectively for all soils combined excluding Astatula. The critical values obtained in combination with soil-landscape information can be used to establish guidelines for P management in agricultural soils.
INTRODUCTION
The deterioration in the quality of surface-waters is a matter of increasing concern. In the United States, approximately half of the waters reported to be impaired are attributed to excess nutrients that may lead to eutrophication in detriment to the designated use of a water body (e.g., drinking water supply, navigation, fishing, swimming). [1] Undesirable abundance of aquatic plant growth (particularly phytoplankton) results in the production of toxins that are linked to human health problems, makes water treatment for drinking purposes more difficult and expensive, and depletes dissolved oxygen which can result in fish kills. [2] [3] [4] Attention has turned to nonpoint sources of pollution such as agricultural activities because the relative contribution from point sources has decreased as a result of initiatives under the Clean Water Act.
Efforts to control water soluble and sediment-bound nutrient losses from agricultural fields focus on P since evidence from limnology studies suggest that P is the limiting nutrient for algal growth in most lakes and rivers. [3, 5] Dissolved reactive P concentrations in soil solution required for plant growth are in the range of 0.2-0.3 mg L À1 , yet total P concentrations ranging from 0.02 to 0.1 mg L À1 may cause eutrophication of lakes and streams. [3, 5] Therefore, best management practices that reduce P concentrations in runoff water or maintain sediment-bound P on-site are the best alternatives to minimize the effect of P on water quality.
Some states have regulated fertilizer and manure P applications based on agronomic soil test phosphorus (STP) levels (e.g., Bray1, Mehlich3). [6, 7] The Natural Resource Conservation Service (USDA-NRCS) suggests using STP as one option to develop site-specific nutrient management programs, as well as for the identification of areas where P applications should be limited or discontinued. [8] Agronomic soil testing methods were developed to establish the degree of sufficiency or deficiency of an element in soil and have meaning only when related to crop response. [9] From an environmental perspective an STP should identify threshold levels of soil P above which the potential enrichment of P in runoff constitutes a risk for surrounding water bodies. [10, 11] Because the two concepts have been developed under contrasting philosophies, it is important to perform ''environmental validations'' of the agronomic soil test prior to its use as a predictor for water-body enrichment. [12] [13] [14] Research has shown that there exists a high positive correlation among STP values, dilute CaCl 2 extractable P, and P losses in runoff. [15] [16] [17] [18] [19] The relationship is highly dependent on soil transport factors such as slope percentage, slope length, and surface topography. Soil test P alone has been found to account for 58-98% of the dissolved P in runoff. [13] Poor correlation between STP and P in runoff may occur when organic materials are on the surface such as broiler litter applied to pasture. [20] One of the challenges of the P based management plan is to establish, for different soils and management conditions, the STP values considered high or excessive from an environmental standpoint. In recent years research has been directed towards the development of critical environmental P limits for different soils. [6, 17] Critical levels are soil test values that would result in excessive amounts of P losses as runoff occurs. The EPA has established a value of 1 mg P L À1 as a discharge limit from point sources into surface waters, [21] and this value is also being proposed as a limit for agricultural runoff. A frequent approach to determine environmental critical levels has been to determine the level of STP that would correlate to P losses in runoff equal to 1 mg P L À1 . Environmental thresholds typically range from two to six times the agronomic thresholds. [15] Those values vary among states and even within regions in the same state due to variability in soil type and in the methodology used in their soil analyses. For instance, in Puerto Rico, The water-quality problems of other regions are shared by the island of Puerto Rico. A large number of rivers and lakes of Puerto Rico exhibit elevated phosphorus concentrations, [22] [23] [24] and a large portion of the soils where broiler litter or dairy manure has been applied have STP values in excess of agronomic critical levels. [25, 26] The identification of contributing nutrient sources represents a unique challenge because of the distinctive climate (warm temperatures and high-intensity rainfall events) and pedological and landscape (large pedological diversity and steep slopes) conditions of the island. The situation is compounded by the fact that the island has one of the highest population densities of the world and the majority of homes in rural areas are not connected to a municipal sewage system.
There is a need to assess quantitative relationships among soil tests and soluble P for tropical soils for environmental purposes. This information, together with historical databases of soil tests by different methods for soils of the island, is needed for planning purposes to reduce nonpoint sources of pollution. As such, the objectives of this study were to compare the extracting capacities of three agronomic STP extraction methods (Olsen, Bray1, Mehlich3) and develop quantitative relationships with dissolved P in water (0.01 M CaCl 2 extractable P). Soil test P values conducive to a level of 1 mg P L À1 in CaCl 2 were chosen as environmental thresholds of P in five soils of the tropics and subtropics.
MATERIALS AND METHODS
Five soils of different physical and chemical properties [e.g., aluminum (Al) and iron (Fe) oxide content, carbonate content, texture, clay type, and pH] were used. The soils were representative of tropical and subtropical areas in Puerto Rico and Florida, and were of the series Astatula (sandy hyperthermic, uncoated Typic Quartzipsamments), San Anto´n (fine-loamy, mixed, isohyperthermic Cumulic Haplustolls), Caguabo (loamy-skeletal, mixed, isohyperthermic Lithic Eutropepts), Corozal (clayey, mixed, isohyperthermic Aquic Haplohumults), and Bayamo´n (very-fine, kaolinitic, isohyperthermic Typic Hapludox). [27] Soils were collected to a depth of 15-20 cm, air-dried, sieved to pass a 4-mm sieve and stored at ambient temperature until initiation of the Table 1 .
Incubation Study
Amounts of triple super phosphate (TSP) and broiler litter (BL) were added to the soils to cover a wide range of available or total P, ranging from whatever amount was initially available in each soil (0 kg P added) to 300 mg P/kg. Specific treatments were (TSP:BL): 0:0, 50:0, 100:0, 300:0, 0:50, 0:100, 0:300, 100:50, 100:300, 50:100, 50:300. The amounts of P added as TSP were based on water and citrate soluble P in the fertilizer (46% P 2 O 5 ) and the amounts of P added as BL were based on total P analysis in the material (1.73% P). The statistical design was an incomplete factorial with three replications. Treatments were mixed in and homogenized with the soils after which 5.4 kg of each soil-treatment combination was added to plastic pots and maintained in a greenhouse facility. Pots were weighed twice weekly, and water added as needed to maintain field capacity moisture. At 2, 4, 8, 15, 32, and 46 weeks soils were sampled from each pot, except the Astatula soil which was sampled at 2, 4, 8, 25, and 30 weeks. After collecting samples, these were air-dried and sieved to pass a 2-mm mesh screen. Soils were extracted for P analysis by the following methods: Olsen, [28] Bray1, [29] Mehlich-3, [30] and 0.01 M CaCl 2 (dissolved P). [31] Soil:solution ratios were 1:10 for Olsen, Bray1, and Mehlich3, and 1:15 for CaCl 2 extractable P. Shaking times were 30 min, 30 min, 5 min, and 18 h, for Olsen, Bray1, Mehlich3, and CaCl 2 tests, respectively. Extracts were filtered through a Whatman no. 42 filter and P was analyzed colorimetrically [32] using a UV-VIS Spectrophotometer.
Data Analyses
Exploratory statistics were used to evaluate relationships among the variables using SAS. [33] Outliers which had standardized residuals (z-values) with absolute values >2.5 were not included in the analysis and represented <3% of the sample data points evaluated. All analyses were re-run using corrected data. Fitted general linear models of Olsen as the independent variable vs. Bray1 and Mehlich3 as dependent variables, and Bray1 P as independent variable vs. Mehlich3 as dependent variable were run. Regressions were run within soils across time. Pairwise comparison of slopes among soils within the soil tests Bray1 vs. Olsen, Mehlich3 vs. Olsen, and Mehlich3 vs. Bray was performed using linear orthogonal contrast procedures in SAS. A Bonferonni correction factor of 10 was used to correct P values > F. The relationship between agronomic soil testing methods (Olsen-P, Bray1, and Mehlich3) and dissolved-P (0.01 M CaCl 2 ) were evaluated using the quadratic equation:
AQ1
or the two parameter exponential equation:
where, x is the soil test (Olsen, Bray1, or Mehlich3), Y is the dissolved-P concentration (mg/L), and a, b, and c are parameter constants.
Regressions were run using all soils and excluding Astatula soil, because of the influence this soil had on regression slopes and intercepts. Environmental soil test categorical indices were established using a dissolved P values of 1 and 0.5 mg/L for the Extremely High, and Very High categories, respectively. Agronomic soil tests (including 95% confidence intervals) equivalent to a dissolved P concentration of 1.0 and 0.5 mg/L were calculated from the nonlinear regression equations. The effects of time on Olsen extractable P for soils amended with broiler litter or triple super phosphate were evaluated.
RESULTS AND DISCUSSION

Relationships Among Soil Test Extractants
The amount of P available for plant uptake as determined by the extracting procedures will vary depending on the composition (e.g., pH, electrical conductivity, organic matter content, composition of solution, and exchange phase) of the soil matrix. The Olsen test (0.5 M NaHCO 3 ) is used in calcareous soils because the bicarbonate precipitates Ca and increases the solubility of calcium-bound P. [28] The Bray1 test is recommended for acid soils because fluoride precipitates Al and renders the P more soluble. [29] The Mehlich3 extractant has a similar composition to the Bray1 in that it is an acid-fluoride extractant, and therefore similar amounts of extracted P are expected. In spite of the different reaction mechanisms of the extracting solutions, when considering all soils except Astatula, the unit change in Bray1-P or Mehlich3-P for every unit change in Olsen-P was 0.836 and 1.00, respectively (Table 2) .
Phosphorus Soil tests for
The slopes of the relationship between the Olsen vs. Bray (0.836) and Olsen vs. Mehlich (1.00) suggest that, despite the differences in the extracting mechanisms of the methods, some similarity exists when considering a large pool of soils with a wide range of STP values. The regression coefficients (R 2 values) and root mean square error (RMSE) values were always higher when the Astatula soil was excluded. Added inorganic and/or organic P in excess of the initial soil test P (156 ppm, Bray1) for the Astatula soil resulted in very high soil test P values, which greatly influenced the predicted equations. For all soils (excluding Astatula), the highest R 2 value (0.85) was obtained for the relationship between Mehlich3 and Bray1 ( Table 2) . As expected, the slope of the equation relating the Mehlich3 and Bray1 extractants was close to one. Similar results have been obtained for soils from 67 locations across Pennsylvania (USA), [9] in four Oklahoma soils, [34] and from diverse locations throughout the United States. [35] There appear to be some differences in the ability of the different extractants to access the inherent, well-stabilized pool of phosphorus on the different soils as suggested by the equation intercepts. However, changes induced by fertilizer or manure additions are accessed to more or less a similar extent, as indicated by the slope values. The R 2 values obtained for the relationship between the different agronomic soil tests are within the range obtained by others. [9, [34] [35] [36] Wolf and Baker [35] found that the relationship between Bray1-P and Olsen-P for noncalcareous soils was influenced by the texture of the soils from diverse regions of the United States. They observed that the quantity of P removed by the Bray1 test was almost three times greater than that of the Olsen test. Similarly, Mun˜oz et al. [37] found that the Bray1 test removed 2.2 times the amount of P extracted by the Olsen test for ten soils from Puerto Rico and suggested that pH and mineralogy influenced the amount of P extracted.
Regression equations between the soil test methods within each soil were established to corroborate the above-stated observation (Table 3) . In general, improved R 2 values were obtained for individual soils than for all soils combined. A comparison of the slopes of the relationship between the Bray1 vs. Olsen (y vs. x) extractants for the different soils denoted significant differences in most cases, except for the Bayamo´n and San Anto´n. The Astatula and the Corozal soils were only marginally different (P < 0.044), whereas the largest difference was observed for the comparison of the Astatula and Caguabo soils. As expected, the Bray1 method extracted higher amounts of P than the Olsen method in the Astatula soil, but lower amounts in the Caguabo soil. The slope of the equations describing the relationship between Mehlich3 and Olsen was different among Corozal, San Anto´n, and Caguabo soils only. The slope of the equation describing the relationship between Mehlich3 and Bray1 was similar only for Corozal, Bayamo´n, and San Anto´n series.
These results confirm that soil pH and mineralogy do indeed influence the amounts of P extracted by the various methods. Nevertheless, the general quantitative relationships developed for the different methods for all soils combined may be used for converting results from one soil test to another with fairly good accuracy if diverse populations of pedons containing a wide range of soil test P values are used. More specific relationships such as the ones obtained for individual soils can be used in areas where soils are less pedologically diverse.
Phosphorus Availability as Function of Time
It is generally accepted that the Olsen-P test removes a more constant proportion of labile P and reacts more consistently than other soil tests across a wide range of soil types. The amounts of extractable P and P sorption maxima will differ due to soil mineralogy. For example P sorption maxima for the soils was in the order Astatula < San Anto´n < Caguabo < Bayamo´n < Corozal. [38] In soils with low P fixing capability such as San Anto´n, Caguabo, and Astatula, relatively lower amounts of P are expected to become fixed into unavailable pools as compared to high P fixing soils such as Bayamo´n and Corozal. Trends for high-P fixing and low-P fixing soils were similar so data from two soils (Corozal, high fixing and San Anto´n, low fixing) are shown as an example (Fig. 1) .
Results of Olsen extractable-P indicate that a larger fraction of added P becomes immediately available with time when soils are amended with high TSP as compared to similar rates with BL. In the Corozal soil there was no significant change (range of 0-6.8 mg P/kg) in soil test P after one week at P application rates of 0, 50, and 100 mg P/kg as TSP or BL. Only when P was added at 300 mg P/kg did extractable P increase to 32.0 mg/kg at 2 weeks with TSP and to 30.2 mg/kg at 15 weeks with BL. It appears that P originating from TSP solubilized quickly and that P sorption kinetics controlled the amounts of P that was extractable. In the case of the BL amended soil (300 mg P/kg), a significant portion of the added P is expected to be present as part of an array of mineral and organic complexes and thus a longer reaction time would be required for the orthophosphate phase to come to equilibrium. Also, soluble organic C from BL may compete with orthophosphates for anion adsorption sites thus reducing the potential sorption capability. [15, 39, 40] The lower amounts of extractable P in the Corozal soil as compared to the San Anto´n soil for all treatments is probably due to an increase in the magnitude of sorption and precipitation reactions due to its oxidic and kaolinitic mineralogy. In the San Anto´n soil, extractable P increased with increasing amounts of P added as TSP after one week of incubation. At this time, similar amounts of P were extracted at rates of 50 and 100 mg P/kg as BL, and values increased slightly with the highest BL (300 mg P/kg) treatment. Extractable P from BL (100 and 300 mg P/kg) did not reach a maximum until approximately 10 weeks after incubation. The data demonstrates that P from TSP is initially very soluble and available in soil whereas P originating from manure may take more time to become available due to mineralization of organic P and solubilization of mineral-bound P.
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Environmental Soil Test Categorical Indices
Relationships among soluble P concentrations and P quantified using the agronomic soil test methods were tested using both the quadratic and the two-parameter exponential model (Fig. 2) . In almost all instances lower root mean square errors were obtained using the quadratic model for all soils combined and excluding the Astatula soil. Removal of the Astatula soil greatly improved relationships so that different equations were obtained for all soils of Puerto Rico and that of Florida (Table 4) .
Regression coefficients for the quadratic equations were used to calculate soil test P values corresponding to dissolved P concentrations of 1 mg P/L. This value was selected because it is the maximum total P concentration allowed for point sources with National Pollutant Discharge Elimination System (NPDES) permits, [21] and is being proposed as a potential discharge limit from agricultural fields.
Soil testing is a method originally designed for assessing the soil nutrient levels relative to crop production. It was not intended to predict the amounts of P leaving land and going into surface waters. Nevertheless, excessive soil test P levels have been associated with high P concentrations and discharges in overland and subsurface P flow to surface waters. [15, 41, 42] In the relationship between CaCl 2 extractable P and STP, similar change points in the slopes of the lines occurred when relating STP and CaCl 2 extractable P with surface runoff. Thus, the use of CaCl 2 extractable P in soils has been suggested as a reasonable estimate of P loss in runoff and subsurface water. [15, 43] Critical soil test P values (agronomic soil test values equal to 1 mg P/L soluble P) for individual soils were not estimated because dissolved P concentrations in Corozal and Bayamo´n soils did not reach 1 mg P/L. Also, in the San Anto´n soil, a quadratic or exponential model could not be fit to the data as there was a linear relationship between dissolved P and Olsen-P, and Mehlich3-P. Critical soil test concentrations to reach dissolved P concentrations of 1 mg P/L were calculated for all soils combined and were: (95% confidence intervals in parenthesis) 179 (174-185), 197 (190-207) , and 252 (243-266) mg/kg for Olsen, Bray1, and Mehlich3 extractants, respectively, for all soils combined excluding Astatula (Table 5) threshold STP above which they recommend reducing or eliminating manure applications, with values ranging from 125 to 200 mg/kg for Mehlich3, 75 to 150 mg/kg Bray1P, and 100 to 200 mg/kg Olsen P, depending on the sampling depth. [7, 15, 16] Using the data collected in this study, we established environmental soil test P categorical indices beyond the agronomic critical levels suggested by Mun˜iz-Torres [44] (Table 6 ). We defined the High category as the suggested agronomic critical soil test P level, since beyond this value there exists a low probability of agronomic crop response to addition of inorganic or organic P. The very high category is the range of soil test P values in which P additions should not exceed crop uptake and that agronomic best management practices should be instituted. The extremely high category includes soil test P values beyond which no additional P (inorganic or organic) should be permitted to be applied and corresponds to a calculated dissolved P value of 1 mg/L. Although the environmental P levels were calculated using all soils combined, from a P management standpoint high fixing soils will sustain greater P loadings before reaching environmentally critical levels. Further work is The upper limit of the Medium category is the suggested agronomic critical soil test P level, beyond which there exists a low probability of agronomic crop response to addition of inorganic or organic P (Mun˜iz-Torres [44] underway to validate these values under field conditions. It appears that the amounts of available P in soil are adequately characterized by the Olsen, Bray1, and Mehlich3 agronomic soil tests, which can be used to indicate the risk of off-site P movement from soil.
